In this paper the hybrid approach is presented for the modelling of complex systems that involve many interacting components with different physical properties over different spatial and temporal scales. Such systems are difficult to resolve, since they exhibit high levels of uncertainty. We briefly discuss other modelling strategies and their advantages and disadvantages and then a complete description of the mathematical-computational hybrid framework is given. Then, an application from the field of particulate-based engineering processes is presented and the ability of the framework is demonstrated to accurately represent key granular material processes with the aid of information extracted from different scales.
INTRODUCTION
Complex systems appear in abundance throughout science and engineering. A definition for the term "complex system" may be found in many relevant textbooks (see e.g. [1] ). As such this is defined as a system whose different parts are interconnected and as a whole exhibits properties not obvious from the properties of the individual parts. In a seminal paper in the late 1940's, Warren Weaver [2] used the terms "organized complexity" and "disorganized complexity", in order to differentiate between systems that display obvious organization as opposed to those that do not. However, as is now known, complex systems do not require the application of any external organizing principle in order to display organization [3] . In the past 50 years a number of researchers have directed substantial effort in order to enhance our understanding of complex systems (see e.g. [4] [5] [6] [7] [8] ). One primary question that needs addressing is what differentiates a "complex" system from a "simple" or just a "complicated" one. Researchers (see e.g. [9] ) agree that a system in order to be characterized as complex should: (1) exhibit emergent behaviour (i.e. its characteristics not being evident from the analysis of characteristics of its individual components), (2) display internal structure and selforganization (i.e. there are no external factors controlling the appearance of this emergent behaviour), (3) be able to adapt to inputs and evolve, and (4) have a degree of uncertainty. For instance, a motor car may be viewed as a complicated rather than a complex system, since it might exhibit emergent characteristics but no self-organization is evident. Hence, in order to understand the behavior of a complex system, not only the behavior of its parts must be understood, but also how these act together to form the behaviour as a whole. It is because of this that complex systems are difficult to understand. One should be extremely cautious when describing a system or a process, since the boundaries between "simple", "complicated" and "complex" could be very subtle. As described in [10] , it is extremely easy to cross the border from a "simple" system to a chaotic one just by suspending one pendulum freely from another! The existing literature on complex systems is vast, due to the range of systems that may be described as complex (e.g. from Applied Linguistics and language teaching [11] to Epidemiology and the spread of infectious diseases [12] ). In the following sections of this paper, a brief review of widely utilized strategies for the modelling of complex systems will be given, the concept of hybrid modelling in complex systems will be introduced and its application on a system from particulate-based engineering will be presented, where this methodology has been successfully applied by the authors. Finally, conclusions are drawn on the capability of the presented framework to correctly predict the behaviour of complex systems.
COMPLEX SYSTEMS MODELLING
This work will not consider data analysis methods (i.e. data mining, time series analysis etc.) but rather, it will concentrate on techniques that build on the understanding of the processes involved and their interactions, in order to analyze always maintaining the material angle of repose (i.e. the maximum slope angle that unconsolidated materials can maintain, taken as 45°in the current simulation). If the angle of repose is exceeded, motion of that "material" element stops and is not allowed to move any further. A detailed discussion of the sand heap system and the corresponding CA evolution law is given in [20] . In order to find the new configuration during each successive timestep, the lattice is swept from the bottom row upwards, for each half separately. It is obvious that given a fixed number of steps, it is not possible to determine a priori the state of any row at the final timestep without first computing the state at all intermediate steps.
Agent-based models (ABMs) are complementary to CA and utilize "agents" in order to resolve a system's behaviour. As agents are defined autonomously behaving components whose state is updated by pre-described evolution rules (just like in CA), but which can learn from their environments and can thus change their behaviour in response. Agents are diverse, heterogeneous, and dynamic in their attributes and behavioural rules. Behavioural rules may vary in their sophistication, for example by how much information is considered in the agent's decision making, its internal models to represent the external world including other agents, and the extent of memory of past events the agent retains and uses through the decision making. For an in-depth description of the basic theory of ABMs see [21] . Agent-based modelling is the technique most often associated with complex systems and has been extensively applied to a number of problems, ranging from social sciences [22] to economics [23] .
ADVANTAGES AND DISADVANTAGES OF THE CA-ABM APPROACH
The CA-ABM approach described in the previous section is very efficient computationally with all errors being minimized, due to the finite states allowed by the transition laws [24] . Such models are extremely useful, since they enhance our understanding of the interactions between the system components at the microscopic level. However, for a number of problems, when a system comprises many parts with different physical properties interacting over very different spatial and temporal scales, the transition rules of CA and ABMs may not be adequate on their own to explain the system's emergent behaviour and self-organization, especially when the system approaches a supercritical state (see e.g. the sand heap problem in [25] ). In such cases, the CA-ABM approach should be considered complimentary rather than competitive to continuum-based largescale models or discrete particle /molecular dynamics models at the smaller scale. The framework under which this is possible is discussed in the following sections.
HYBRID MODELLING
Today it has become evident that problems in many scientific areas cannot be resolved simply by breaking systems into components and understanding those components. Complexity does not lie merely in the number of parts of a system but rather in the subtlety of interactions across space and time scales between these parts. Consider for example the fact that a human has roughly 30,000 genes, whereas there exist grains of rice that have about 100,000 genes [26] ! In order to model a complex system, a more generic and holistic strategy is required, which includes the formulation of appropriate tools which enable the analysis of the system and its components across different spatio-temporal scales. The steps that need to be followed are:
• First, the behaviour of the individual system components at the microscale is examined.
• Then, the interactions between these individual components are studied and constitutive laws are formulated, which connect component properties to key system parameters.
• Then, these laws are embedded in a macro-scale framework, which describes the evolution of the system in a continuum-based approach. This hierarchical approach is termed hybrid modelling (HM) and was first introduced by the authors as a powerful technique for the modelling of complex systems in [27] . It consists of two interacting "horizontal" frameworks at two different spatio-temporal scales: one at the microscopic scale, where the system components are identified and mathematical tools (i.e. Molecular Dynamics) are utilized for their study; one at the macroscopic scale where the whole system is modelled as a continuum using the appropriate mathematical models (i.e. models of mass, momentum and heat transfer). Then, these two frameworks are coupled via a "vertical" structure which utilizes mathematical / experimental / data analysis techniques in order to resolve the interactions between the various system parts (which may have different physical properties) and transfer this information to the larger scale in the form of constitutive laws. In this way, the system may be modelled in a continuum-based approach, where the interactions between the system components are taken into consideration by connecting micro-scale properties of the components to macro-scale system parameters. Schematically, the HM approach is presented in Figure 2 . HM has only recently started to be utilized more systematically for the study of complex systems (see e.g. [28] ). 
THE SAND HEAP CREATION WITH THE AID OF HYBRID MODELLING
In order to demonstrate the effectiveness of the HM approach, the sand heap problem will be presented, so that the results of the proposed approach may be compared to those of the CA approach. When pouring sand from an axial jet, a conical heap is formed, characterized by its angle of repose, as has already been discussed. In this section, it will be demonstrated how the macro-scale flow equations, governing the motion of the fluid (i.e. sand) may be implemented with constitutive laws deriving from micromechanics in order to correctly represent the behaviour of sand.
Sand may be modelled as a fluid (see e.g. [29] ) and hence, (under constant temperature assumption) the basic conservation laws of mass and momentum may be solved in order to represent its flow. The two equations are given below:
where f represents the volume fraction of the material (taking values between 0 and 1), ρ b is the bulk density (i.e. the weighted averaged density of material and air, ρ b = f ρ mat + (1−f ) ρ air ), u b is the bulk flow velocity, g is the gravitational acceleration and σ is the stress tensor, which can be decomposed in terms of the hydrostatic pressure p and the deviatoric part of the stress tensor S ij as:
The constitutive relation, coupling the deviatoric part of the stress tensor with the strain tensor, reads:
Parameter µ b is a pseudo-viscosity coefficient of the bulk, equivalent to the fluid viscosity. It is calculated in a similar manner as ρ b through weighted averages of µ mat (pseudo-viscosity coefficient of the material) and µ air (viscosity of air): µ b = f µ mat + (1−f )µ air . If a constant value for µ mat is used, this will result in an ordinary Newtonian fluid behaviour, characterized by a flat
bulk material free surface. What is required, is µ mat to be able to vary, so that the material moves or stops, depending on the ambient flow conditions. This is achieved by assuming that the material is everywhere at yield and a viscoplastic-like constitutive model is implemented, which connects µ mat with key macroscopic flow parameters, such as velocity and pressure, and with material properties, such as the angle of repose. The model is based on the Drucker-Prager yield criterion and for an in-depth discussion and derivation see [30] . The resulting equation is: (5) where ϕ is the angle of repose of the material, p is the pressure and In this way, the material pseudo-viscosity becomes a non-linear function of the pressure, the angle of repose and the bulk velocity gradients. This parametrization, which results from the analysis of material behaviour at the smaller scale, enables the fluid model to effectively represent the behaviour of a solid that macroscopically exhibits fluid-like behaviour.
The mass and momentum transfer equations were discretized and solved numerically with the aid of Computational Fluid Dynamics (CFD) techniques. The momentum equation was solved using a SIMPLE-based algorithm and a conjugate gradient iterative solver, while for the mass transfer equation a Total Variation Diminishing (TVD) scheme was employed. For further details on the solution procedure of the bulk flow equations, see [31] .
For the performed simulation, a two-dimensional box was considered, of 0.1 m height and 0.08 m width. The box was initially empty and was filled with sand from its centre, with a free falling particle axial jet of 0.01 m in width. Each sand particle was considered to be 2 mm in diameter, the material solids density was taken as 2100 kg/m 3 , the bulk density as 950 kg/m 3 and the
angle of repose as 30°. The pseudo-viscosity was not left to vary unbounded (for reasons of numerical stability) and was allowed to vary between 10 -4 Pa.s and 50 Pa.s. The total simulation time was 300 s, while the filling process only lasted for 20 s. This was done in order to to examine the stability of the shape of the material free surface. Calculations were performed assuming smooth walls (i.e. friction coefficient between the wall and the particles equals 0). Figure 3 (a) shows the material free surface at different times during the filling process calculated using the viscoplastic constitutive model. It is clear that a heap-like shape of the bulk material top free surface formed. The inclination angle of the material-air interface (defined as the slope of the free surface) reached a final value equal to 14°. This may be attributed to numerical diffusion of the numerical schemes employed and will be addressed in a forthcoming study. No slow decay of the free surface to a flat state after completion of the filling operation was observed. Indeed, the shape of the free surface remained stationary between t = 70 s and the end of the simulation (t = 300 s). During filling, the flowing particles were preferentially concentrated inside a region close to the material air-interface, while particles inside the heap were nearly quiescent, as shown in Figure 3 (b). From t = 70 s onwards, the heap was stationary, as there were no flowing particles anymore. This behaviour is in good qualitative agreement with experimental observations of surface flows during heap formation reported in literature (see for example [32] ).
When compared to the CA simulation results, it may be seen that both models were able to represent successfully the creation of the heap (although the HM approach reduces the final inclination angle). The CA approach is computationally cheaper than the HM approach, since no flow equations are solved but only a simple transition rule is introduced. However, since no information is contained in the transition rule, which connects the macrospopic effect (i.e. heap formation) with material properties (i.e., particle radii, maximum packing fraction), it will fail to predict phenomena, such as closer packing of the material in the heap with continuing filling, material interaction with the container walls, or change in the heap structure and composition when a mixture of particles of different sizes is introduced. For representing these phenomena, the most pertinent method is HM and as will be demonstrated in the following sections, it may be effectively utilized to model large scale processes by combining macro-scale equations with constitutive laws deriving from the micro-scale. 
THE APPLICATION OF HYBRID MODELLING FOR THE MODELLING OF GRANULAR
MATERIAL Granular material and the processes they are involved in are a typical example of a complex system that has received significant attention over the last few years (see e.g. [33] [34] ). Recently, an HM framework was developed by the authors in order to study granular material handling processes in industrial production lines. The need for such a framework arises from the failure of existing techniques to address industrial problems associated with the handling of granular material.
Continuum mechanics models have been used extensively to simulate largescale granular flow processes (see e.g. [35] [36] ). These models have been partially successful in capturing some of the main characteristics of the flow. However, they lack essential information on particle-particle interactions and material parameters at the microscopic level, hence they are incomplete and cannot be employed to simulate granular flow processes which might lead to phenomena such as particle size segregation, particle degradation or particle caking.
On the other hand, models inspired by Molecular Dynamics have proven to be remarkably successful in reproducing the complex behaviour of granular materials (see e.g. [37] [38] ). In these models, each particle is considered separately and the interactions between particles and the external forces acting on each particle are taken directly into account at the microscopic level. However, the main limitation of this approach is associated with the high computational cost of the identification of contacts between contiguous particles and the subsequent calculation of the interaction forces (there exist 10 12 or more particles in a moderately size industrial silo). It is therefore unrealistic to employ this class of models in order to perform direct simulations of any large-scale processes.
The developed HM framework integrates three key granular material processes namely, segregation, degradation and caking. Segregation occurs when particles differing in some important property (often size) separate into discrete phases, either spontaneously or in response to external conditions such as the bulk flow field. Degradation occurs when particles break into subelements, owing to impact with each other or with confining boundaries, or in response to compression or shearing. The mechanism that causes caking of granular materials during storage is the migration of moisture between different domains of the stored material due to the variation of ambient environmental conditions (for example between day and night). The framework was utilized for the representation of a complete industrial cycle involving granular material (i.e. material stored in a silo, then being conveyed pneumatically for processing and then packed and stored in bags). The following sections briefly outline the key features of the HM approach for the modelling of each of the three processes.
SEGREGATION DURING SILO DISCHARGE
The continuum-based macroscopic model solves the equations for mass and momentum transfer (Equations (1) and (2)) and with the implementation of a viscoplastic constitutive law based on the Drucker-Prager yield criterion, is capable of modelling the flow of the bulk mixture, as has been demonstrated in Section 6 (see also Reference [30] for further details on the transition from fluidlike to granular solid behaviour). However, it would not be in a position to differentiate among the individual species in the mixture and the laws that dictate their behaviour. For this reason, first the behaviour of individual particles at the microscopic level was studied using discrete particle modelling [39] . Then, with the aid of experiments, the behaviour of particle ensembles was analyzed [40] [41] and three transport processes, which lead to segregation, were identified:
• Strain-induced segregation arises due to the preferential motion of coarser particles in the mixture across gradients of bulk velocity, towards regions where the bulk strain rate is highest, such as free surfaces in a heap of material.
• "Diffusive" segregation, very similar to classical molecular diffusion down a concentration gradient. Diffusion principally affects the finer particles in a multi-component mixture of granular material. • Segregation through percolation, which is the gravity-driven motion of the finer particles through the interstices in the matrix of the coarse particles. Then, constitutive laws were formulated [42] , which identify the segregation "drift" velocities for the individual material components as functions of macroscopic parameters, such as mixture velocity, local concentration, gravity, etc. Proportionality coefficients (i.e. "transport" coefficients) were calculated within the micro-physical framework [42] . These constitutive laws were incorporated in the macroscopic mass transfer equation for each of the mixture species, which now reads:
where u b is the bulk velocity and u seg,i is a "drift" velocity (incorporating all three "drift" components) for species-i relative to the bulk of material associated to segregation processes. The summation of all individual fractions in a cell gives the total amount of material present in that cell. This sum is only allowed to take values between 0 (cell empty of material) and the maximum allowed packing fraction (always less than unity). A full analysis of the functional forms of the constitutive laws is given in [31] .
While the above analyses are valid for the case of material discharge in "mass flow" mode (i.e. where all material regions in the domain are in motion), it is not fully valid for the case of material discharge in "core flow" mode (i.e., where there is a moving material channel above the orifice of the emptying hopper and stagnant material zones further away from the flowing channel). In the latter case, a different approach was followed for the treatment of the existing stagnant zones. It can be established a priori whether a hopper goes into core flow or mass flow through semi-empirical engineering criteria, which take into account the hopper geometry and material properties [43] . With the use of a kinematic model [44] the evolution of the stagnant zone boundaries at the onset of a simulation could be predicted. Hence, the critical times for all material regions in the domain could be determined, which corresponded to the time intervals after which these regions were allowed to flow. Once the critical time was reached and a material region was allowed to flow, the full set of the continuum equations was solved in order to determine pressure, velocity and material fraction of each of the mixture components in each computational cell in the domain. A full analysis of the procedure, as well as the required modifications which enabled the model to account for the flow through a vessel which incorporated a conical section are given in [27] .
DEGRADATION IN DILUTE PHASE PNEUMATIC CONVEYING
In the present study, we focus on particle degradation in dilute phase pneumatic conveying systems, where the most extensive damage is caused by particle-bend wall collisions [45] . Hence, it is essential to characterize the impact propensity of individual particles. For this reason, a limited number of particle single impact tests were performed in a laboratory scale degradation tester [46] . The collected data were utilized to parametrize the process of degradation through the construction of breakage matrices (based on the concepts of population balance models [47] ) for a range of impact conditions, using regression analysis theory [48] . The constructed breakage matrices correlated the input particle size distribution (defined as the size distribution at the bend inlet) to the resulting distribution after impact and degradation (defined in this study as the size distribution at the bend outlet). Particle degradation in a bend was represented by a single impact, since it has been observed that the first impact of the particles in the bend causes the major damage [45] . Moreover, it was assumed that a given value of the bend angle corresponds to a given value of the particle impact angle. Reference [49] demonstrated that this approach enabled a reasonably accurate representation of degradation processes in 90°angle bends.
The developed parametrizations were then incorporated in the continuum framework, which combined a flow model of the solids and gas phases along the pipe line during pneumatic conveying [49] . The solids flow in a straight pipe element was represented by a model consisting of two zones: a strand type flow zone immediately downstream of a bend created due to the centrifugal force encountered by the particles while travelling around the bend, followed by a fully suspended flow region after dispersion of the strand. The model of the strand type flow was a one-dimensional model, which described the flow of two layers (namely the dense strand and the suspended flow above it) with separate velocity and exchanging momentum between them due to shear forces at their interface. The model was based on a force balance on elements of the strand and of the suspended flow region above it. The friction force between the strand and the suspended flow τ str was modelled in analogy to single phase flow by using an equivalent Moody friction factor: (8) where ρ air is the air density and v air and v str are the air and strand velocities. The value of the friction factor f str obtained from the Moody diagram was increased in order to account for the additional momentum transfer resulting from the interchange of particles between the strand and the suspended flow. In the fully suspended region, the pressure drop was represented by a Darcy type relation. Particle deceleration in pipeline bends due to wall sliding friction and the rebound processes was also accounted for through a simple model where the particle-wall interactions were characterized by a coefficient of friction and a coefficient of restitution.
MOISTURE MIGRATION CAKING
The mechanism responsible for the caking of granular material, as revealed by mathematical and experimental analysis performed at the micro-scale τ ρ str air str air str
) [50] [51] , is the migration of moisture (which exists within particles) according to the relative humidity of the ambient air and the solubility of the material, both influenced by temperature. This means that during a temperature cycling process, liquid solution bridges form between particles in the bulk solid system because of an increase in local relative humidity (i.e. due to moisture migration between parts of the system) and then solidify as the local relative humidity drops, the effect being increased as more cycles occur. Hence, when material is stored for long periods of time under conditions of sharp variations of ambient air temperature/humidity (for example between day and night), the formed bridges strengthen to such an extent that a hardened cake is formed. Within the continuum framework, moisture migration was modelled through the solution of transient coupled heat and mass transfer equations with phase changes. The model included appropriate source terms, which accounted for moisture uptake / loss by the powder. These source terms, which were derived on the basis of micro-physics [52] , represented the increase or decrease in temperature due to the release or absorption of heat during condensation or evaporation, respectively, and the subsequent decrease or increase in the mass of vapour in the air around the solid particles. An equation for the dependence on temperature of the diffusion coefficient of vapour in the air was incorporated into the model. Moisture sorption isotherms were obtained via experimental analysis [51] .
The model for the caking process was based on the growth of liquid bridges (during condensation) and the creation of solid bridges and their subsequent hardening (during evaporation). An equation for the radius of the solid bridge can be found in [53] : (9) where v b is the volume of the bridge for a single particle around the contact area between two particles, R is the radius of the particle and b is the radius at the narrowest part of the bridge. The volume v b can be calculated by tracking changes in the moisture content of the solids during a wetting / drying cycle. A detailed description of the model and the numerical solution technique is presented in [52] .
The tensile strength of the cake may be related to the radius of the solid bridge formed around particles through the Rumpf equation [51] :
. (10) where σ crystal is the crystalline strength of the material making up the bridge and ε is the porosity of the granular material. Hence, by tracking changes in b, the increase in the tensile strength of the formed cake could be determined.
THE APPLICATION OF HYBRID MODELLING IN A LARGE-SCALE HANDLING
PROCESS All three models have been successfully validated using laboratory-scale equipment and benchmark tests (see e.g. [31] , [48] , [52] ) and initial attempts have already been made for the application of the framework to the simulation of large scale processes involving granular materials ( [55] [56] ). In the present paper, in order to demonstrate the integrated HM strategy, a full simulation of a complete large scale handling process is presented. It involves the discharge under mass flow conditions of a five-component mixture from a cylindrical silo, then its transport through a pneumatic conveyor operating in the dilute-phase regime and, finally, its storage in a polyethylene bag in an environment where both ambient temperature and relative humidity vary significantly between day time and night time. The layout of the process is shown in Figure 4 . The material used for this study has a solids density of 1600 kg/m 3 , bulk density of 700 kg/m 3 and an angle of internal friction of 35°(i.e. granulated sugar). 
I. DISCHARGE
The discharge simulation has been performed for a cylindrical silo, 0.42 m high and 0.24 m in diameter, having a discharge outlet of 0.052 m diameter. The silo half angle of the conical section is 30°. The material free fall discharge rate was 1.39 ∞ 10 -3 m 3 /s. For reasons of simplicity and due to the observed symmetry of the flow around the central axis of the silo for the simulated case, a semi-3D geometry was chosen, with a silo slice of 5°angle being simulated. The computational mesh of this simulation is shown in Figure 5 . The initial mixture composition is shown in Table I . In each size range, a uniform distribution of material was assumed. A blend of the five components was created in the laboratory and was put through the "segregation tester" ([57] , [30] ) in order to determine the initial segregation state at fill. The segregation tester consists of a rotating transparent mixer and a parallelepiped section underneath the mixer, which is adjusted to an inclination in order to represent the material angle of repose (see Figure 7 in [30] ). The parallelepiped section is divided into 5 compartments, which can be separated after the end of the filling process by inserting vertical steel plates between them, so that material may be analyzed from each compartment separately. The correct representation of segregation patterns through the segregation tester has been validated extensively [57] . At the start of the simulation, the material was assumed to be in a segregated state by seperating the computational domain into 5 equally spaced strips between the central axis (point 1) and the hopper wall (point 5) ( Figure 6 ) and considering that in each strip the material concentration was as predicted in each of the 5 compartments of the segregation tester ( Figure  7 ). The segregation tester indicated that the particular mixture showed little segregation tendency. Its transport coefficients were calculated with the aid of Discrete Element Modelling (DEM) [42] and were directly imported in the continuum framework. It emerges that the strain-induced segregation coefficients for the three coarser phases (of the order of 10 -6 m 2 /s) exceed those of the two finer phases by an order of magnitude. The diffusion coefficients were found to be of the order of 10 -8 m 2 /s for the two finer phases and almost 4 times higher for the three coarser phases. The percolation mechanism was calculated to be much weaker than the diffusion and strain-induced segregation mechanisms for this particular mixture and two percolation coefficients, both of the order of 10 -10 m 2 /s, for the two finer phases were employed in the simulation.
The flow behaviour and the predicted flow pattern and temporal segregation profile during the discharge were found to correspond to the well-known mass flow discharge mode (see e.g. [31] ). As the silo emptied, the material-air interface remained relatively flat until it reached the junction between the cylindrical and conical sections (fraction of total mass discharged by that moment equal to 75 %). Eventually, inside the conical section, the interface started progressively curving downwards towards the centre of the silo, reflecting the preferential motion of the particles localized in the central core above the silo outlet. Figure 8 shows the temporal segregation profile at the silo outlet, plotted as the averaged content of each one of the 5 components across the silo outlet against the proportion of inventory discharged. At the initial stages of the discharge, little variation in the fraction of each component was predicted, indicating that negligible segregation occurred during this phase of the discharge. As the interface passed over the junction between the cylindrical and conical sections, some segregation was observed, with the two finer phases clearly exhibiting a decrease, whereas two of the three coarser phases (the ones with the higher mass fractions) exhibiting an increase. The source of this segregation was the described deformation of the material-air interface. This produced high flow velocity gradients leading to particle size separation by both the strain-induced and diffusion mechanisms. The percentage of the biggest size class in the mixture was of the order of 3%, hence not influencing significantly the mixture behaviour.
II. PNEUMATIC CONVEYING
The pneumatic conveying system considered in this study is a 36 m long pipeline with an internal diameter of 5.3 cm, consisting of six straight pipes (of length 6 m, 3 m, 12 m, 3 m, 6 m, 6 m, respectively) and five 90°bends. The simulation was performed for typical industrial operating conditions. The inlet air velocity was equal to 9.2 m/s. The suspension density (computed from the silo discharge rate and the inlet air velocity) was set equal to 5.8 kg/m 3 . In order to study the degradation of the conveyed material, five discrete size classes were defined, corresponding to the five size classes of the original mixture. As seen from Figure 8 , the silo outlet mixture composition varies only during the latter stages of the discharge. For the purpose of this simulation, the material distribution at the inlet of the pipeline was taken as the original mixture composition, given in Table I . Fully suspended flow conditions are assumed at the inlet, i.e. the air and particle velocities are equal. The calculated profiles of the pressure of the air and of the air and particle velocities along the pipeline are shown in Figures 9 and 10 . The air expanded along the pipe, with greater pressure gradients in the flow region immediately downstream of each bend. This pattern of the pressure profile is in accordance with the experimental work reported in [58] . Expansion of the air caused an increase in the air velocity and thus, in the particle velocity as a result of the momentum transfer between the gas and solid phases. Particles were considerably slowing down through the bends due to their interactions with the bend walls. Downstream of a bend, particles, which were conveyed in the form of a dense strand, were progressively re-accelerating towards the air velocity. The model predicted that only the third straight pipe in the system was long enough (12 m) for the transition between strand type flow and fully suspended flow to occur. The transition was observed at a conveying distance of 7.5 m from the outlet of the second bend. This result is in good agreement with the value of the dispersion length of the order of 8 m reported in literature [59] . The full particle size distribution after each bend is shown in Figure 11 . Particles of the three coarser phases underwent significant degradation during the conveying process, with the 1030-510 µm class reducing from 3% to 1%, the 510-250 µm class reducing from 18% to 12% and the 250-125 µm class reducing from 33% to 20%. The two finer phases (125-60 µm and 60-0 µm) were constantly re-populated by the fragments resulting from the breakage of larger particles. For this reason, it could not be concluded whether any degradation occurred in the size class between 125 and 60 µm. At the end of the conveying line, the fraction of the coarser phases had dropped to about 60% of its initial value, with almost 37% of the material concentrating in the 125-60 µm size range. Hence, it could be concluded that this particular material was relatively prone to degradation under the pneumatic conveying conditions considered in the present study. 
III. STORAGE IN A BAG
Downstream of the pneumatic conveyor, the granular material was packed in a polyethylene bag of 0.6 m diameter and stored for one month in an environment, where both temperature and humidity conditions varied between day time and night time. The bag lining was assumed to be permeable to environmental humidity (hence, humidity is allowed to enter/leave the system). The height of the bag was considered to be much larger than its diameter, hence only a one dimensional strip across the bag (from polyethylene lining to bag centre) of 0.3 m was simulated. The day time environmental temperature and relative humidity were taken as 27°C and 38%, respectively. Night time environmental conditions were taken as 16°C and 76%, respectively. These conditions were imposed at the exposed boundary of the bag and were varied periodically every 12 hours. The material was assumed initially at equilibrium at 20°C and its moisture content was 0.033%. The average particle diameter was taken to be 400 µm, as a result of material degradation during pneumatic conveying. Figure 12 shows the changes along the simulated strip of temperature, solids moisture content and caking strength at different times during the first 24-hour cycle, with night time conditions for the first half cycle followed by day time conditions for the second half cycle. Due to the high thermal conductivity of the polyethylene bag, the temperature inside the bag layer responded quickly to the external temperature fluctuations and took almost instantaneously the value of the environmental temperature. The variations in temperature and humidity caused the moisture to migrate between the bag-material-interface and the bag centre, with the sharpest changes occurring as expected in the vicinity of the exposed surface of the material. The region affected by gradients of temperature and relative humidity was confined within a distance of approximately 0.15 m from the bag-environment boundary. Beyond that point, the system remained almost unaffected. During the first half cycle (i.e. 6 h and 12 h), as the environmental relative humidity was at its peak (i.e. when the boundary temperature was decreased), the moisture migrated into the system due to diffusion. The material uptook moisture in its attempt to bring the system back into equilibrium. This wetting process caused the formation of liquid bridges between solid particles but no caking occurred as can be seen in Figure 12 (c). During the second half cycle (i.e. 18 h and 24 h), when the ambient relative humidity dropped (i.e. when the boundary temperature was increased), the process of moisture migration was driven by two mechanisms. Near the bag-material interface, the moisture tended to migrate out of the system due to the decrease in the relative humidity. Further inside the bag, the gradient of relative humidity produced in the system tended to drive the moisture from the bag-material interface towards the core of the bag, thus increasing slowly the moisture content further away from the bagmaterial interface. The decrease in the moisture content in the bag-material interface region caused the evaporation of moisture from the surface of the solid particles, in order for the system to return back to equilibrium. During this drying process, liquid bridges hardened. This led to the formation of solid bridges, hence the increase of the tensile strength of the material causing the sugar to cake near the bag-material interface (see Figure 12(c) ). Similarly, as during the first half cycle, the increase in moisture content further inside the bag resulted in condensation on the grain surface, with subsequent formation of liquid bridges, for the system to be driven back to equilibrium.
The repetition of this wetting/drying cyclic process and the subsequent moisture migration would cause a build up of layers that strengthen the bridge to such an extent that a hardened cake would be formed. Figure 13 presents the increase in the tensile strength of the caked material at different penetration depths along the simulated strip at the end of each cycle during one month storage. It can be seen that the highest tensile strength of the caked material occurred close to the bag material interface, while the tensile strength was negligible at 0.15 m (middle) and 0.3 m (centre) from the bag-material interface. This result was in agreement with the simulated behaviour of the material during the first 24 h cycle presented in Figure 12 , where the sharpest interaction between environment and material was predicted to occur within the first 0.15 m penetration depth. Figure 13 shows that the increase in the tensile strength of the caked material at the bag material interface was greater during the first five cycles. Then an approximate linear increase of the tensile strength was observed.
DISCUSSION AND CONCLUSIONS
As demonstrated by the presented test cases, the proposed HM framework may be utilized in order to predict the evolution of processes which involve phenomena occurring at different spatio-temporal scales. Ultimately, the complete framework could constitute a powerful tool for engineers, which will aid them in the understanding and optimization of existing processes and the design of new equipment.
The HM approach presented in this paper and its application to granular material has set the trend for the modelling in this specific field and todate more than 60 citations to the author's attempts to combine processes occurring at different scales under the same framework have appeared in the literature over the past six years. Indicatively, we mention [60] which refers to segregation during silo discharge, [61] which refers to degradation during pneumatic conveying, [62] which refers to moisture migration caking and [63] which refers to the combined HM framework. In an upcoming paper, all citing works will be discussed in order to assess the impact of the presented work in granular material modelling. In the present paper brief reviews of CA and ABMs are presented, which are also techniques that build on the understanding of the processes involved and their interactions, in order to analyze the behaviour of a complex system. However, the authors believe that the HM approach is the most appropriate technique for the modelling of complex systems, since it utilizes information from various spatio-temporal scales in order to resolve the evolution of a system. In this sense, it might be more useful to utilize CA and ABMs within HM frameworks rather than stand-alone techniques, in order to achieve the link between the two "horizontal" components of the HM framework (namely, the microscopic and macroscopic scales) through the derivation of appropriate constitutive laws. Further work is already underway by the authors for the utilization of the proposed HM approach for the study of other complex systems [64] .
